The defect concentration in thin GaN layers was estimated by means of positron annihilation spectroscopy. Positron lifetime and Doppler broadening of the annihilation radiation were used. A comparative study of GaN films grown with different techniques was performed. Specific attention has been given to the new low energy plasma enhanced vapor phase epitaxy (LEPEVPE) growth technique. A very high Ga vacancy density (10 19 cm À3 ) was found in a thin GaN layer directly grown by LEPEVPE on a sapphire substrate. However, when a GaN substrate (commercial sample grown by Metal Organic Vapor Phase Epitaxy) is used as a template for LEPEVPE deposition, the vacancy density of the film is low (about 10 16 cm
I. INTRODUCTION
Gallium nitride (GaN) is a wide band-gap semiconductor and possesses very desirable properties for electronics and opto-electronics applications. Since the commercialisation of GaN-based LEDs (Ref. 1) and laser diodes 2 (today widely used in the consumer electronics, i.e., Blu-Ray DVDs), gallium nitride has dominated the blue -UV optoelectronics industry. Other key application areas for GaN electronics are high-power microwave devices (for communications, military, and space), high-power or high-voltage devices (for all sectors) and high-temperature devices (for industrial, automotive, and aerospace sectors). In spite of the interesting thermal, optical and electrical performance of this material, devices produced from GaN suffer from the presence of a high concentration of defects. Point defects in the form of cation vacancies (V Ga ) are responsible for the unintentional n-type conduction of bulk GaN. 3 Their concentration was correlated to the amount of impurities (mainly oxygen) in the material, with which they form stable complexes. 4, 5 Thin GaN films are usually deposited on sapphire (aAl 2 O 3 ), an insulator to which GaN has a lattice mismatch as high as 16%. 6 The strain at the interface leads to the nucleation of misfit dislocations. Concurrently, a high concentration of point defects is detected in positron annihilation experiments. 7 This work presents a positron annihilation spectroscopy characterization of GaN samples grown by low-energy plasma-enhanced vapor phase epitaxy (LEPEVPE, see Ref. 8 for more details). LEPEVPE is a new growth method, still in an experimental stage, which makes use of a dense, low-energy plasma in the deposition chamber. Gases of the non-metallic element (N 2 in the present case) and metal vapors (here Ga) are activated by a plasma and allowed to react, thus depositing the reaction products on a heated substrate immersed in the plasma to form a semiconductor layer on top.
The main advantages of the LEPEVPE technique are (i) potentially very high growth rates for nitride semiconductors of up to 10 nm/s when using a DC-arc discharge plasma and relatively high pressures on the order of 10 À2 mbar, 8 while upon lowering the pressure, and with radio frequency sources the technique becomes increasingly similar to plasmaassisted MBE; (ii) relatively low substrate temperature; (iii) absence of toxic carriers or reagent gases, which in turns implies a deposition environment deprived of carbon or hydrogen. The plasma technique directly activates the neutral nitrogen gas and gallium, provided as a vapor. Neither hydrogen nor oxygen should, in principle, be involved during growth. The high density plasma produced during growth creates an intense flux of ions impinging on the sample holder, which might induce damage into the growing layer. The relatively low substrate temperature used during the growth then does not act in the direction of an efficient defect recovery.
The positron annihilation technique is an established method for investigating point defects in materials.
9,10 When a positron is implanted into condensed matter, it annihilates with an electron and emits two 511 keV c-rays. The energy spectrum of the annihilation c-rays is broadened due to the Doppler effect associated with the momentum of the annihilating electron-positron pair. Positrons tend to be localized in vacancy-type defects because of the Coulomb repulsion from ion cores. Since the momentum distribution of a)
Author to whom correspondence should be addressed. Electronic mail: rafael.ferragut@polimi.it. electrons in defects differs from that in bulk materials, one can detect vacancy-type defects by measuring the Doppler broadening spectra of the annihilation radiation. A frequently adopted parameter used for characterizing the change in the Doppler broadening spectra is the so-called S parameter, which mainly reflects changes in the low-momentum region of the electron momentum distribution. 9, 10 A second parameter sensitive to trapping is the lifetime of positrons, which is longer when positrons are trapped by vacancy-like defects because of the reduced electron density in such defects. Measurements of the positron lifetime spectra can thus help to identify the existing defects and to obtain quantitative information on their density. Positron annihilation spectroscopy using a variable monoenergetic beam of positrons is an established technique to study point defects in group-III nitride (GaN, InN) semiconductors. [11] [12] [13] The present work contributes to the characterization of samples grown by LEPEVPE. The creation of defects by plasma bombardment, which might represent a serious limitation to the application of the LEPEVPE technique to the production of high quality layers for microelectronic applications, and defect creation at the GaN/substrate interface are considered. The nature of these defects is characterized in the light of the growth condition used. Table I shows the thicknesses of the studied samples. Sample A, hereafter called the "template film," is a commercial metal organic vapor phase epitaxy (MOVPE) GaN sample, grown from the reaction of trimethyl gallium (TMGa) and ammonia (NH 3 ) on a (0001) sapphire substrate produced by LUMILOG.
II. EXPERIMENTAL
14 Samples B and C were grown on the template by LEPEVPE using an inductively coupled radio frequency plasma, with different RF-powers but similar growth rates of about 0.8 lm/h. Sample D was grown at a lower rate of 0.5 lm/h by LEPEVPE directly on sapphire. The substrate temperatures during growth were 680 C, 660 C, and 690 C, for samples B, C, and D, respectively. The samples were stored in air; the surface was cleaned by dipping the samples in isopropyl alcohol for a few seconds. All PAS measurements were performed in high vacuum conditions (10
À8
-10 À9 mbar). Positron lifetime (PL) and Doppler broadening (DB) spectra of the annihilation radiation were measured as a function of the incident positron implantation energy E in the range from 50 eV (1 keV for PL) to 18 keV. For each incident energy, spectra with about 2 Â 10 6 counts for PL and with about 1 Â 10 6 counts for DB were obtained. The DB spectra were measured at the LNESS Positron Laboratory (Como), using an electrostatic low-intensity positron beam and conventional high-resolution Ge detectors (FWHM of 1.32 keV at 511 keV). The spectra were characterized by the S parameter, defined as the ratio of the number of annihilation events over the energy range of j511 keV -Ej 0.85 keV around the center of the annihilation peak to the total counts in the annihilation peak (j511 keV -Ej 4.25 keV). This parameter reflects the relative contribution of low-momentum electrons (valence electrons, see for example Refs. 15 and 16) to the total annihilation probability. PL measurements were carried out by means of the pulsed low-energy positron lifetime spectrometer PLEPS at the high intensity positron beam facility NEPOMUC at the research reactor Heinz Maier-Leibnitz FRM II of the Technical University of Munich. 17 The resolution of the spectrometer was about 240 ps, and the peak-to-background ratio was better than 3 Â 10 4 . The measurements were performed with a time-window of 20 ns (the main buncher operates at 50 MHz). The lifetime spectra were analyzed by means of a modified version of the POSITRONFIT program. 18 The chi-squared values per degree of freedom of the fits were in the range from 1.05 to 1.25.
The evolution with the implantation energy of the timeaveraged positron parameters (both from DB and PL measurements) was modeled by means of the VEPFIT program. In spite of systematic differences between diffusion lengths derived from lifetime and the S parameter measurements, the data in Table II consistently show dissimilarities in the samples, which are related to their different defect content. Since shorter diffusion lengths normally indicate higher positron scattering and capture at defects, the first qualitative conclusion that can be drawn from these numbers is that sample B has the lowest defect concentration and sample D the highest one, while A and C are similar and Grown by LEPEVPE. 2012) occupy the intermediate position. However, this indication needs to be reinforced by a stronger evidence, since the model adopted for the fitting did not include explicitly the possible effect of electric fields on the positron migration due to Fermi level pinning at the surface. This effect, which is probably stronger in the case of doped samples, is not easily predictable in the present case that concerns high purity GaN.
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A deeper insight on the presence of defects comes from the POSITRONFIT analysis of the lifetime spectra. All spectra have been analysed in three components, numbered in order of increasing lifetime. The results are displayed in Figs. 2 and 3 .
The longest lifetime s 3 is symptomatic of Ps trapped in small voids inside the GaN layers (s 3 from about 0.6 to 1 ns in the high energy range) or formed at the surface (s 3 rising well above 1 ns at low implantation energy). The intensity of this component is always low (of the order of 1% or less) at high implantation energy for samples A, B, and C and can be treated as noise (Fig. 2) . In sample D (Fig. 3) , however, it rises above 3% in the interval from 12 to 13 keV, showing the presence of a high concentration of voids in the proximity of the GaN/sapphire interface (the fraction of positrons implanted in the substrate at 13 keV is about 18%).
The intermediate lifetime s 2 comes from an unresolved combination of positron trapped by vacancies in the deep part of the GaN layer and positrons trapped at the free surface. The annihilation characteristics reported in Table III are obtained by averaging the data of Fig. 2 in the asymptotic energy region in samples A, B, and C, where it is reasonable to assume that annihilation takes place only in the inner part of the GaN layer. In the case of sample B, where the surface contribution is non-negligible even at energies above 10 keV, the values of s 2 and I 2 reported in Table III are to be considered as upper limits. Intensities I 2 in Table III have been renormalized by the factor 1/(1 À I 3 ) in order to discount for positronium formation. The physical identification of the traps originating a lifetime between 230 and 240 ps with Ga vacancies is supported by similar results obtained by Soininen et al. 21 The somewhat smaller lifetime value observed for sample C, apparently concomitant with a reduction in the S parameter (see Fig. 1, panel a) might not be accidental. Lifetime and S-parameter reductions for impurity decoration of Ga vacancies are predicted by first-principles calculations. 22 For samples A, B, and C, the shortest lifetime s 1 represents the decay of the free positron population, which occurs by annihilation in competition with trapping (Fig. 2) . If one neglects the small percentage of positrons trapped in voids, the data for samples A, B, and C are consistent with the standard trapping model (STM) (Ref. 23) in the presence of a single species of deep positron traps. The negative correlation between s 1 and I 2 is in accordance with the STM prediction for the positron lifetime in defect-free GaN:
Eq. (1), with the values of Table III , gives s bulk ¼ 158 6 2 ps. This value can be used to evaluate the trapping rate according to the STM relationship
The results, given in Table III for samples A, B, and C show that for these samples trapping is weak, i.e., free annihilation is always dominant over trapping (s À1 bulk > j). The qualitative indications drawn above from the measurement of the positron diffusion lengths are confirmed; however, the observed trapping rate is too weak to explain, by itself, the observed differences in the diffusion lengths. Since the diffusion length depends on the positron diffusion coefficient D þ and on the trapping rate as given by the equation 
a concomitant effect of defects on D þ needs to be considered. 21, 24 An alternative explanation of the discrepancy is the possible effect of electric fields than, as explained above, were not included in the VEPFIT model.
The hypothesis of a single dominant species of traps cannot be applied to the interpretation of the data for sample D (Fig. 3) , since the experimental value of s 1 is too large to be attributed to the decay of the free positron population in the presence of the strong trapping rate implied by the high value (85%) of the intensity I 2 . A possible explanation is that the short living component is predominantly due to shallow positron trapping at negatively charged defects without open volume, presumably associated with threading dislocation cores, which would give a lifetime near to s bulk . In these conditions, the value j ¼ 11 ns À1 that comes from Eq. (2), which ignores the effect of competition with another species of defects, grossly underestimates the real value. A more realistic evaluation can be obtained by applying the hypothesis of competitive trapping in the framework of the trapping model. The detailed calculation is reported in the Appendix (Eq. (A6)), but the numerical result is affected by large uncertainty in consequence of a condition of near saturation (j ) s À1 bulk ¼ 6:3 ns À1 Þ: In Table III , we thus report only the expected order of magnitude. 
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The vacancy density q V is proportional to the trapping rate j as given by the formula:
The trapping coefficient l depends both on temperature and on the charge state of the vacancy. An accurate experimental evaluation of the trapping rate for GaN vacancies is still missing and most of the literature on defects in GaN layers use the trapping rate estimated for silicon. However, the authors of Ref. 3 concluded that gallium vacancies are negatively charged and this would imply a slightly larger trapping coefficient. The vacancy densities listed in Table III 
IV. CONCLUSIONS
The present work contributes information regarding the lattice defects associated with GaN thin layers grown with the new LEPEVPE technique. The positron parameters and the experimental conditions necessary to obtain the results are accurately discussed. A quantitative description is presented.
• The experimental results obtained in GaN growth by LEP-EVPE on a commercial GaN/aAl 2 O 3 show a low Ga vacancy density (<5 Â 10 16 cm
À3
). This concentration is comparable to the low vacancy concentration measured in the commercial GaN template. This fact provides evidences that the LEPEVPE technique is able to produce GaN layers with the same quality of standard commercial substrates from the point of view of open volume lattice defects.
• High defect density (>10 19 cm
) has been found in the thin GaN layer of 650 nm grown by LEPEVPE directly on sapphire. The presence of high concentrations of defects in thin GaN layers grown abruptly on sapphire substrates is well documented in the literature and is a clear consequence of the lattice mismatch between GaN and sapphire. Reference 7 reports a vacancy density of 10 20 cm
. In the present case, the defects have been identified as open volume defects (Ga vacancies and, in the proximity of the GaN interface, also voids) as well as defects without open volume, which can be tentatively attributed to negatively charged threading dislocation cores.
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APPENDIX: VACANCY TRAPPING RATE IN COMPETITION WITH SHALLOW TRAPPING
We consider a two-components spectrum, where the longest living component (lifetime s 2 , intensity I 2 ) is identified with trapping at vacancies and the shortest living component (lifetime s 1 , intensity I 1 ¼ 1 À I 2 ) is the unresolved combination of a component due to shallow traps (lifetime s ST ¼ s bulk , intensity I ST ) with a component associated to free positrons (lifetime s f ree ¼ ðs À1 bulk þ j tot Þ À1 , intensity I free ), where j tot is the sum of the trapping rate in shallow traps j ST and of the trapping rate in vacancies j.
Thus, we can write
We can use well-known STM expressions for the intensities of components associated with trapping, which in the present case become 
Equation (A6) provides an expression of the trapping rate j in terms of experimentally known quantities. The numerical calculation is affected by a large uncertainty, which comes essentially from the condition 1 % s 1 s
À1
bulk that is a consequence of near saturation.
